Branch capture reactions (BCR) contain three DNA species: (i) a recipient restriction fragment terminating in an overhang, (ii) a dlsplacer strand containing two adjacent sequences, with one complementary to the overhang and to contiguous nucleotides within the recipient duplex and (ill) a linker which is complementary to the second dlsplacer sequence. Branched complexes containing all three species may be captured by ligation of the linker to the recipient overhang. The use of 5-MedC in the dlsplacer facilitates BCR. High temperature ligation with a thermostable enzyme Increased specificity for ligation to the correct recipient in a complex mixture of restriction fragments. Displacer synthesis by PCR permitted separate reactions of formation of stable displacement complexes and of high-temperature ligation. Ethylene glycol-containlng buffer permitted PCR with 5-MedCTP or high G + C products using thermostable polymerases. BCR may be used to modify the ends of one recipient DNA duplex in a population of duplex DNA fragments. Modification of the recipient could be used to facilitate detection, affinity chromatography or cloning. By using PCR to obtain a BCR displacer, the sequence non-homologous to the recipient duplex may be expanded to include the sequence of a selectable marker, thus facilitating chromosome walking.
INTRODUCTION
Duplex DNA fragments with identical overhang sequences may be produced by digestion of a complex DNA with a restriction endonuclease. A displacer is defined as a single-stranded oligoor polydeoxynucleotide containing a sequence complementary to the overhang sequence as well as to contiguous sequence of one recipient duplex within the duplex fragment population. Following hybridization of the displacer with the recipient overhang, displacement of one strand of the recipient may occur by branch migration, leading to a population of three-stranded branched molecules. A linker is defined as a single-stranded oligoor polydeoxynucleotide containing a sequence complementary to the displacer sequence extending away from the overhang. Branch capture reactions (BCR) involve the ligation of the linker to the recipient duplex (1, 2) . BCR rates are proportional to ligase concentration and independent of the concentration of extraneous DNA. BCR is potentially more stringent than hybridization, with branch migration requiring precise complementarity between displacer and recipient. Reactions with oligo-and polydeoxynucleotide displacers are illustrated in Figures 1A and B, respectively.
In the absence of 5-bromodeoxycytidine (BrdC) or 5-methyldeoxycytidine (MedC) substitution, production of DNA molecules containing single-stranded branches is limited to structures stabilized by the energy stored in negative supercoils (3) (4) (5) , molecules stabilized by formation of adjacent, stable hybrids (6), or molecules formed using RecA protein with ATP as an energy source (7) (8) (9) , the latter reaction forming the basis for affinity purification of recipient DNA fragments (8, 9) . The specificity of DNA labeling with BCR is increased by substitution of BrdC for deoxycytidine (dC) in the displacer strand because the substitution increased the relative stability of the displacerrecipient hybrid (1, 2) . In this work, MedC, also known to increase the melting temperature (t,,,) of DNA (10) is substituted for BrdC because of the ready availability of MedCTP for synthesis of polydeoxynucleotide displacers. In previous work, specificity was found to decrease significantly with increasing G+C content for 4-base overhangs due to saturation of recipient sites (2) . In this work, ligation at high temperature with a thermostable ligase (11) is demonstrated to increase specificity with high G+C content overhangs.
In previous work, displacer strands were synthesized chemically. In this work, displacer strands are also synthesized by asymmetric PCR (12,13) using MedCTP. Because of the increased tnj of DNA with MedC, denaturing solvents (14) compatible with thermostable polymerase function were investigated. Solvents with either glycerol or ethylene glycol were found to be useful with thermostable polymerases (15, 16 ) from several sources. With PCR-derived displacers, BCR could be divided into two steps, capture and ligation (See figure IB) because stable three-stranded complexes were formed following reaction of the long displacer strands with the recipient. The process is analogous to R-loop formation with reaction of the RNA at the end of a recipient strand (17) . Single-strand branch migration has been shown to be very rapid (1) (2) (3) 18) . In this work, we show that the BCR with PCR-derived displacers is limited by DNA reassociation kinetics (14, 19) at the overhang sequence. Increased reaction rates at elevated temperatures, and BCR without complementary overhang sequences, indicate that breathing at recipient ends may exposure sequences to act as nucleation sites for reassociation. In this work, we also demonstrate addition of a linker as a second step in BCR using a thermostable ligase (11) .
BCR may be used to modify the ends of one recipient DNA duplex in a population of duplex DNA fragments. Modification of the recipient could be used to facilitate detection, affinity chromatography or cloning. By using PCR to obtain a BCR displacer, the sequence non-homologous to the recipient duplex may be expanded to include the sequence of a selectable marker, thus facilitating chromosome walking.
MATERIALS AND METHODS
Oligodeoxynucleotides, plasmids and enzymes All oligodeoxynucleotides (Table 1) were synthesized on an Applied Biosystems Model 38OB DNA Synthesizer using standard phosphoramidite chemistry. MedC was incorporated using an MedC phosphoramidite monomer (ABN-Fisher). Purification steps were limited to hydrolysis of base-protecting groups and cleavage from the support with NH 4 OH, evaporation, resuspension, extraction with phenol/chloroform, and ethanol precipitation. All oligodeoxynucleotides were 5'-labeled with 32 P using T4 polynucleotide kinase, subjected to polyacrylamide gel electrophoresis on 20% acrylamide-8 M urea gels, and visualized by autoradiography. A single oligodeoxynucleotide species of the correct size was routinely detected. Plasmid pMS19 (2) is a derivative of pUC19 with additional sequences, including an Sfil site, inserted between the HindHl and EcoRl sites. Plasmid pALAD is a pUC9 expression vector containing the cDNA sequence of human 5-aminolevulinate dehydratase (ALAD), a heme biosy nthetic enzyme (20) . Plasmid pALAD-G3 is a pUC19 clone containing a 3.2 kbp genomic fragment of ALAD. All plasmids were propagated in E. coli strain DH5a and purified by standard methods (21) . Taq ligase (Ampligase™) was obtained from Epicentre Technologies. Thermits aquaticus (Taq) polymerases were obtained from PerkinElmer Cetus and Promega Corporation and a heat stable Taq polymerase was from Stratagene Cloning Systems. Restriction endonucleases, T4 polynucleotide kinase, T4 DNA ligase and Vent™ polymerase from Thermococcus Utoralis sp.nov. (Tli), a thermophilic marine archaebacterium (15) , were obtained from and used as recommended by New England Biolabs.
Melting temperature analysis
Melting temperatures (tm) for oligodeoxynucleotides were determined as previously described (22) . Briefly, complementary oligodeoxynucleotides were mixed 1:1 in 6x SSC, pH 4.0 or 7.0 or in 1 M NaCl, 0.05 M borate, 0.2 mM EDTA, pH 10. Solutions were heated at 0.3°C/minute in a one centimeter quartz cuvette in a Beckman Model 25 spectrophotometer equipped with water-jacketed cell holder. Temperature was monitored using a thermistor attached to the cell holder. Concentration-dependent tn, values reported are reliable to ±0.5°C. The same method was used for t^ measurements of X, Micrococcus lysodeikticus and bacteriophage T4 DNA in PCR buffer (50 mM KC1, 10 mM tris, 1.5 mM MgCl 2 , 0.01% gelatin at pH 9.0) with varying concentrations of ethylene glycol or glycerol.
BCR with oligodeoxynucleodde displacers
Depending on the recipient restriction site overhang, either a linker (3'-overhang) or a displacer (5'-overhang) oligodeoxynucleotide was 32 P-labeled using T4 polynucleotide kinase. In the 3'-overhang case, the labeling reaction was followed by reaction with excess unlabeled ATP to ensure that all linker strands contained a 5'-phosphate. The linker oligodeoxynucleotides were purified over spun columns (21) of Sephadex G-50. Xmal sites were investigated in pALAD-G3 digested with Xmal and BamYH. Pstl sites were investigated using pALAD digested with Pstl and Rsal. In both cases, the second enzyme was used to produce convenient sizes of recipient fragments. Typically, digested plasmid (20 /tg/ml) was mixed with a displacer oligodeoxynucleotide (6 /tg/ml) and linker oligodeoxynucleotide (2 /tg/ml) in a pH-reduced T4 DNA ligase buffer (50 mM Tris-HC1 pH 7.0, 1 mM ATP, 10 mM MgCl 2 , 20 mM DTT, 50 /tg/ml BSA), incubated at 55°C for 5 minutes, cooled to room temperature, and incubated at 16°C for 1 minute to 24 hours in the presence of 25 U/ml T4 DNA ligase (New England Biolabs units). Reactions with Taq ligase utilized 5-fold more linker and were carried out with 0.83U//tL at 37° in the recommended buffer of 25 mM KOAc, 20 mM tris, pH 7.6, 10 mM Mg(OAc)2, 10 mM DTT, 0.6 mM NAD and 0.1% Triton X-100. A model for BCR is shown in Figure 1A . Ligation products were examined following electrophoresis on ethidium bromide-containing, 1 % agarose gels by UV fluorography as well as by autoradiography.
For additional specificity determinations at an Xmal site, BCR experiments with digested pALAD-G3 were carried out with the addition of an equimolar quantity of X DNA digested with EcoRl and Xmal. Care was taken not to dissociate 5'-32 P-labeled MedC displacer from any captured linkers. Products were examined following electrophoresis on 1 % agarose gels by quantitative autoradiography.
PCR
PCR with various thermostable DNA polymerases was carried out according to the Perkin Elmer Cetus protocol for DNA amplification in the PCR buffer recommended by the particular manufacturer.
Thermostability of polymerases
Thermal stability of the three Taq polymerases was determined using a linear assay. A serial dilution of a polymerase was incubated in the PCR buffer supplied by the manufacturer with 10 /tg/ml poly(dA) and 1 /tg/ml oligo(dTi 8 ), 0.4 mM dTTP and «0.4 mM 32 P-dTTP to determine the maximum enzyme concentration where incorporation was proportional to enzyme concentration. The products were separated by electrophoresis on a 1.5% agarose gel with ethidium bromide and analyzed by quantitative autoradiography. Completion of synthesis could also be determined by fluorography because the duplex product had a lower electrophoretic mobility than single-stranded or partially duplex structures. DNA polymerase at this concentration was incubated as a function of time at various temperatures in PCR buffer with or without ethylene glycol or glycerol, diluted into PCR buffer and assayed as described to determine the extent of thermal inactivation.
PCR was used as a functional assay for the thermal stability of Taq and Tli DNA polymerases. Control primers from nucleotides 7131 -7155 and 7606-7630 of bacteriophage X were 
BCR with asymmetric PCR-derived polydeoxynucleotide displacers
Asymmetric PCR with MedCTP replacing dCTP was carried out with 200 ng/ml pMS19 as template and 1:20 ratios of the two oligodeoxynucleotides in Table 1 , where the concentration of the concentrated oligodeoxynucleotide was 1.5 /tM. The temperatures and times of annealing, extension and denaturation were 55° for 2 minutes, 78° for 5 minutes and 100°C for 30 seconds, respectively. Improved protocols used glycerin or ethylene glycol and lower denaturation temperatures (see Results). The yields of PCR products were determined by fluorography following electrophoresis on a 10% non-denaturing polyacrylamide gel and ethidium bromide staining. Singlestranded product exceeded double-stranded product. In a control experiment using dCTP, the slower-moving single-stranded PCR product could be cleaved by Kpnl only after annealing with a complementary oligodeoxynucleotide which completed the Kpnl site.
BCR was carried out in two steps. First, the displacer, the single-stranded PCR product, was diluted two-fold and incubated with linearized pMS19 (20 ng/ml) in a Taq ligase buffer at 85°C as a function of time. The products were detected by fluorography following electrophoresis on a 1.0% agarose gel with ethidium bromide. Linearization of pMS19 was carried out with Sfil or EcoRl and BgR, where the Bgll digestion was performed to obtain fragments of convenient size. The contribution of the singlestranded overhangs on the recipient duplexes to specificity was determined by comparing BCR at the Sfil and EcdSl sites with displacers of both polarities.
Second, 0.25 ng//iL ^P-labeled linker (Table 1) was ligated to the displacer-recipient complex using 0.83 U//iL Taq ligase at 37°C for 5 minutes. Controls lacked Taq ligase. After addition of 5 /ig/ml unlabeled linker, the reaction was continued for 5 minutes. One aliquot was heated at 80°C for 3 minutes to dissociate non-covalently bound linker. The products were examined following electrophoresis on 1% agarose gels by autoradiography. 
RESULTS

Properties of MedC-substituted oligodeoxynucleotides
The oligodeoxynucleotides used for melting temperature (t,n) analyses, derived from the cDNA of ALAD, are listed in Table  1 . An oligodeoxynucleotide named 14-MedC-A indicates a 14-mer with MedC substituted for dC and an antisense (A) orientation, t,,, data for duplexes of oligodeoxynucleotides with dC and/or MedC are compared in Table 2 with t,,, data (1) for duplexes of oligodeoxynucleotides with dC and/or bromodeoxycytidine (BrdC). At pH=7, the results with BrdC and MedC are similar. Holding the entropy constant, these results imply a free energy difference of 350 cal/MedC substitution. This result agrees favorably with the calculated free energy difference of 310 cal/MedC substitution for completely MedC substituted 51% G+C Xanthomonas phage XP-12 DNA (10) based on a t,,, increase of 6.1°C. The free energy differences correspond to an increase in the association constant for MedC:dG versus dC:dG of 1.7-1.8 fold.
BCR with oligodeoxynucleotide displacers
A model BCR reaction, with an oligodeoxynucleotide displacer strand, an oligodeoxynucleotide linker strand and a recipient DNA duplex end resulting from cleavage with a restriction endonuclease is depicted in Figure 1A . The oligodeoxynucleotides used for BCR analyses, derived from the pALAD and pALAD-G3, are listed in Table 1 . An oligodeoxynucleotide named P-DMedC indicates a Psfl-site displacer (D_) with MedC substituted for dC; L indicates linker. An Rsal + Pstl cleavage map of pALAD (1) is illustrated in Figure 2 . Fragments A, B and D contain one blunt Rsal end and one Pstl end with a 4-base 3' overhang. The extent of homology of the displacer and the recipient duplex is illustrated in Table 1 . Using a 32 P-labeled linker and T4 DNA ligase at 16°C, the rate of BCR at a homologous site (Fragment B) is much greater than at a partially homologous site (Fragment A) which is in turn greater that at a non-homologous site (Fragment D). The results are illustrated by the autoradiogram in Figure 3 . Just as was found with BrdCsubstituted displacer strands (1,2), MedC substitution permits greater than 300-fold specificity for BCR at the target site. A theoretical description of BCR has previously been reported (2) . The partition function, Q, for any set of branch-migrating structures may be calculated from:
The maximum extent of branch migration is m. k is the number of any displacer base capable of displacing a recipient base. As calculated from the melting temperature measurements, B^ is 1.8 if displacer base k is MedC and 1.0 if it is dA, dG or dT. The theoretical extent of site saturation, (q-l)/q, may be related to Q and the nature of the overhang site. Based on previous results at 400 nM displacer and 16°C reported in the same work (2):
(q-1) = 0.0025 Q for Pstl and (q-1) = 0.10 Q for Xmal.
BCR specificity for a particular recipient end is the ratio of site saturation at that end to site saturation at an unrelated site. Experimental and theoretical BCR specificities for the structures studied in this work are compared in Table 3 .
A similar reaction was carried out at an Xmal site. Xmal sites are high G + C sites which were found to have a limit of 10-fold specificity due to saturation of recipient sites by displacers at 16°C Xmal and BamHI digested pALAD-G4 (20 /ig/ml) was reacted with radiolabeled X-D-MedC (6 Mg/ml), X-L-dC (2 jig/ml) and 833 U/ml (Epicentre Technologies units) Taq ligase at 37°C for the indicated times. B and C refer to fragments shown in Figure 2 . Lanes M show markers of Avail digested X DNA markers. (2) . Increasing the ligation temperature should reduce this saturation problem. A BamHI + Xmal cleavage map of pALAD-G3 (2) is illustrated in Figure 2 . The extent of homology of the displacer and two sites in Alu sequences in the recipient duplex is illustrated in Table 1 . The rate of BCR was measured using both T4 DNA ligase at 16°C and Taq ligase at 37°C. BCR with Taq ligase at the Fragment C site is illustrated by the fluorogram in Figure 4 . Taq ligase reactions at 37° should increase q-1 by 100-fold for a given Q. Theoretical and experimental specificity data are compiled in Table 3 . BCR with T4 DNA ligase gave no specificity with respect to Fragments B and C. In fact, the results indicate a contribution of BCR at the second unrelated Xmal end of Fragment B. However, BCR with Taq ligase exhibited 6-fold specificity between the Fragments B and C and about 100-fold specificity between Fragment C unrelated sites. The specificity theory correctly predicted the experimental results. The only variables are the G+C content of the overhang, the temperature and the sequence of the MedC-containing displacer. 
Ethylene glycol and thennostability of polymerases used for PCR
Long displacer molecules could potentially be synthesized using asymmetric PCR with MedCTP or BrdCTP replacing dCTP. The denaturation step in PCR is typically 92-94°C for a 50% G+C DNA. Because substitution of MedC or BrdC increases t,,, of a 50% G+C DNA by >6°C, denaturation must occur at a higher temperature where the thermal stability of the DNA polymerase used for PCR is limiting. Furthermore, if the G + C content is >50%, a melting step > 100° might be required. Many years ago, ethylene glycol was demonstrated to reduce tm of T4 DNA (34% G+C) by about 4°C per 10% ethylene glycol in a high salt buffer (14) . t,,, results for three DNAs with different G+C content is presented in Table 2 at 0,40 and 70% ethylene glycol in PCR buffer, t,,, for T4 DNA was reduced approximately 4°C per 10% ethylene glycol. The tn, decreases with the DNAs of higher G+C content were even greater. A linear assay was developed to determine thermal stability of various Taq polymerases in PCR buffers containing ethylene glycol. The polymerases were heat inactivated at elevated temperature, diluted into PCR buffer and tested for function. At inactivation could correspond to 20 PCR cycles with 1 minute denaturation steps, the heat inactivation assay did not include the repeated denaturation steps or the continued presence of the organic solvent in PCR. Thus, a functional assay, using PCR with 20 denaturation steps of 1 minute, was substituted for the linear assay. Figures 5 and 6 illustrate the effect of ethylene glycol (or glycerol) on PCR using dCTP and MedCTP, respectively. To aid in comparison of the panels, vertical lines have been placed between lanes with 10% and 20% organic solvent. Panels A, D and G show PCR reactions with 98°, 94° and 90° denaturation temperatures, respectively. Panels B, E and H show the same results for the second Taq polymerase. Figure 5 , panel J, shows that PCR with a denaturation temperature of 90° and a thermostable Taq polymerase offers no advantages under these conditions. Because each increase of 10% in ethylene glycol is equivalent to a decrease in the denaturation temperature by 4°, the results at 10% ethylene glycol at 98° and 20% ethylene glycol at 94° and 30% ethylene glycol at 90° are all equivalent to 102°w ithout ethylene glycol. The most effective, reproducible, denaturing condition for both polymerases with both dCTP and MedCTP was 94° at 20% ethylene glycol, corresponding to denaturation at 102° in PCR buffer. In general, lower and higher denaturation temperatures were poorer. Figure 5 , panels K and L show PCR for the two Taq polymerases with an 86° denaturation temperature. No thermal denaturation of the enzymes is expected. Figure 5 , panels M and N show the same PCR reactions with 4° lower annealing and extension temperatures. These and experiments at higher denaturation temperatures demonstrated that decreasing the annealing and extension temperatures did not improve the product yield at high ethylene glycol content. Increasing extension time had no effect on yield (data not shown).
Note that PCR with dCTP failed at 0 and 10% ethylene glycol at a denaturation temperature of 86° and 0% ethylene glycol at a denaturation temperature of 90°. Similarly, PCR with MedCTP failed at 0, and 10% ethylene glycol at a denaturation temperature of 90° and 0% ethylene glycol at a denaturation temperature of 94°. The PCR product with MedCTP has a 6° higher ^ than the PCR product with dCTP. Thus, PCR with 0% ethylene glycol and dCTP with both Taq polymerases would have been successful at 92°.
Figures 5 and 6, panel F and Figure 6 , panels J indicate no advantage of Tli polymerase over Taq polymerase with denaturation temperatures of 94° or lower in ethylene glycolcontaining solvents. Figures 5 and 6 , Panel C, indicate that Tli functions at higher ethylene glycol concentrations with a denaturation temperature of 98°. Using a denaturation temperature of 98° with the thermostable Taq polymerase (data not shown) produced the same pattern as seen in Figure 5 , Panel C. However, the most effective, reproducible, denaturing condition for all polymerases with both dCTP and MedCTP was 94° at 20% ethylene glycol. Figure 6 , panels L and M, show PCR for the two Taq polymerases with a 94° denaturation temperature as a function of added glycerol. Glycerol increases tn, by about 2.5° per 10%, rather than 4° per 10% seen with ethylene glycol. There is a small difference in ^ in the two PCR buffers. In contrast to the results with ethylene glycol, the presence of 10% glycerol was insufficient to permit denaturation in one of the two PCR buffers. PCR was effective with MedCTP in 30% glycerol, but not 40% glycerol, which is equivalent to a cutoff temperature between 101.5° and 104° in PCR buffer. Although reduced in yield, PCR products were till observed with MedCTP in 30% ethylene glycol, corresponding to 106° in PCR buffer. Figure  6 , Panel K, shows PCR with Tli polymerase with a 98°d enaturation temperature as a function of added glycerol. PCR was effective with MedCTP in 40% glycerol, which is equivalent to a cutoff temperature of greater than 108° in PCR buffer. Thus, glycerol is most effective with Tli polymerase while ethylene glycol permits the largest range of effective denaturation temperatures to be achieved with Taq polymerases.
BCR with asymmetric PCR-derived polydeoxynucleotide displacers
A model two-step BCR reaction is depicted in Figure IB . A single-stranded polydeoxynucleotide displacer was derived by asymmetric PCR using the pUC19-based oligodeoxynucleotides primers, flanking the poly linker, listed in Table 1 . High yields of asymmetric PCR products using a single dose of Taq polymerase were only obtained when glycerol or ethylene glycol was added to the PCR buffer. The recipient DNA duplex was pMS19, a pUC19 derivative with Notl and Sfil sites flanking the polylinker, cleaved by one restriction endonuclease in the expanded polylinker region and Bgll to produce convenient size fragments for subsequent analysis (Figure 2 ). The first BCR step is the reaction of the displacer with the recipient at a temperature near to but below the tn, of the duplex. Reaction of a MedCsubstituted displacer with a recipient was effectively irreversible. The second BCR step was linker ligation using the linker oligodeoxynucleotides listed in Table 1 . The first step of BCR with a displacer complementary to the overhang at the Sfil site on fragment A of pMS19 is illustrated by the fluorogram in Figure 7 . The shift in mobility of fragment A in Figure 7 is greater than seen in Figure 4 with oligodeoxynucleotides because of the increased length of the displaced recipient strand. The reaction was carried out at 85°C. Reactions at 75° and 65°C also proceeded to completion, but the rates were slower, indicating an increased contribution from 'breathing' at the end of the recipient duplex with increasing temperature.
Sfil cleaves to leave a 3-base 3'-overhang which may be any sequence. The same reaction was carried out with pMS19 cleaved by EcoKI instead of Sfil. EcoKl cleaves to leave identical 4-base 5'-overhangs. Both reactions were carried out with the complementary single-stranded displacer. The results are indicated in Table 3 . BCR was accelerated by but did not require complementarity between the displacer and the recipient overhang. BCR without a complementary initiation sequence must require 'breathing' from the end of the recipient duplex.
The autoradiogram in Figure 8 illustrates the second, linker ligation, step of BCR with PCR-derived displacer strands. All lanes contained labeled linker. Lanes D, E and F contain Taq ligase whereas lanes A, B and C do not. Lanes A and D show the results of a 5 minute incubation at 37°. Lanes B and E show that a subsequent chase with excess unlabeled linker has no effect on the results. In either case, the linker used in these experiments is long enough to remain non-covalently bound during the assay. Lanes C and F show the result of subsequent incubation at 80°C to release non-covalently bound linker. Only the ligated linker (lane F) remains attached.
DISCUSSION
The first part of this work dealt with BCR using chemically synthesized oligodeoxynucleotide displacers ( Figure 1A) . Equilibrium was achieved within approximately one minute at 16 -37°C for reaction between 0.4 /tM displacer-linker partial duplex and a recipient duplex bearing a complementary overhang. The transient complex formed could be stabilized by ligation of the linker to one of the recipient strands, a reaction dependent upon ligase concentration and independent of the presence of a vast excess of unrelated DNA.
A single-stranded DNA in Escherichia coli has a concentration approximately 160 times less (23) than 0.4 ftM. Nevertheless, the rapidity of pre-equilibrium establishment in BCR with only 3-4 complementary nucleotides suggests that initiation of recombination at a DNA end (recipient) with a complementary unwound DNA (displacer) could be quite rapid. Branch migration yielding mismatched bases would depend on ATP hydrolysis by RecA (24) .
BCR specificity is the ratio of reaction rates at (i) the recipient terminus containing adjacent sequence identical to displacer sequence to (ii) other termini with identical overhangs but different adjacent sequences. Specificity was increased approximately the same amount by substitution of either MedC (this work) or BrdC (1) for dC in the displacer. Specificity may be limited by increased association of displacer-linker duplexes with inappropriate duplex termini when the overhang is rich in G+C (2). We have found that ligation with Taq ligase at elevated temperature eliminates this complication. As temperature is increased, the theory is simplified, with q approaching 1 for both recipient and competing structures. Thus, BCR specificity depends only on Q and is independent of the nature of the overhang. A simple BCR theory may be used to predict specificity based only on displacer sequence.
The second part of this work dealt with BCR using polydeoxynucleotide displacers synthesized by asymmetric PCR. Only two differences from oligodeoxynucleotide BCR were noted. Firstly, because long single-stranded DNAs are structured at 16-37°C, displacement had to be carried out at high temperatures where initiation at an overhang was less important. Secondly, long displacers form specific stable complexes with recipient duplexes without a requirement for simultaneous linker ligation.
Efficient production of polydeoxynucleotide displacers with MedC by asymmetric PCR required a buffer which lowered t,n without affecting the polymerization yield. High yields were obtained with both Tli polymerase in 30-40% glycerol (Atn, = -7.5 to -10°C) at 98°C and Taq polymerase in 20% and to a lesser extent 30% ethylene glycol (Atn, = -8 to -12°C) at 94°C. These buffers may be important for PCR amplification of DNAs with high G+C content, especially where the product is to be cloned and inclusion of 7-deaza-2' deoxyguanosine (25) is inappropriate.
This work completes our study of the theoretical aspects of BCR. Subsequent work will involve specific applications of modified linkers. All linkers used for BCR may be modified in any manner consistent with formation of a stable linker-displacer partial duplex, including modifications lowering tn,. BCR may be used to label a recipient duplex with a radioisotope or fluorescent bases, allowing multiplex analysis. Applications include labeling prior to electrophoresis, eliminating the need for blotting in Southern hybridization, and partial digest mapping (2) . BCR may be used to label a recipient duplex with an affinity label such as biotin or a protein binding site. Applications include enrichment of a recipient duplex in a mixture of non-homologous DNA molecules. Finally, BCR may be used for directed cloning. Staggered ends may be incorporated in the displacer-linker duplex, allowing preferential hybridization and/or ligation into a specific cloning vector (1). Furthermore, displacers produced by asymmetric PCR could be used to simplify chromosome walking. By priming in vector sequences, displacers may be produced from cloned end-fragments without knowledge of their sequence. Furthermore, the sequence of a selectable marker may be included in the displacer-linker duplex, further enriching for clones containing BCR products.
